Abstract
Introduction
major question is thereby whether Cln1 and Cln2 are really fully redundant or whether we can 91 identify specific influences on the cell cycle timing for each of them. To do so, we characterized 92 the roles of the G1 cylins in organizing global oscillatory gene expression. We analyzed the 93 transcriptome of wild type as well as single and double knockouts of Cln1, Cln2 and Cln3 to 94 identify timing effects, such as overall delays or temporal shifts, in the expression patterns. For 95 enhancing functional differences between Cln1 and Cln2, we additionally perturbed the cells 96 with osmotic stress. Based on the results, we propose mechanistic links that could cause the 97 observed timing effects depended on altered transcription factor activities.
98
We found that the deletion of the earliest cyclin Cln3 leads to a systematic shift of expression 99 times, with an elongated G1 phase followed by a wild type like timing of the subsequent phases 
Cln mutants maintain transcriptional oscillations but not their timing 153
The clustering analysis revealed a qualitative overview of the implications of G1 cyclin loss. 
157
Based on the expression data, we estimated the peak time ϕ of all measured genes with the 158 help of the MoPS algorithm (Eser et al, 2014) , (Figure 3A) . The peak time estimates have a 159 higher time resolution than our sampling intervals, such that we could also estimate peak times 
170
The estimated peak times of the individual oscillating genes were then used to systematically 171 analyze quantitative differences in the expression timing. For each mutant, peak times were 172 compared to the wild type estimates in a two-dimensional scatterplot (as an example general behavior of the entire group of oscillating genes. As genes occurring close to the bisecting line have a conserved peak time in mutant and wild type, we can use the slope of the than one). Shifted curves with a conserved slope around one then indicate a overall delay with a 178 conserved peak timing, for example caused by a delayed onset of the cell cycle.
179
With all peak times gathering around the bisecting line, no effect of the loss of Cln1 alone on 180 the overall cell cycle timing was evident ( Figure 3C , middle, blue line). In contrast, cells lacking 181 Cln2 (as single deletion (yellow) or in combination with Cln1 deletion (green)) showed a 182 conserved timing of the early peaks, but a decreased slope for later times -arguing for a slower 183 progression through later cell cycle phases such as S and G2 phase. In the cln1Δcln3Δ double 184 mutant (purple) and, slightly less prominent, in the cln3Δ single deletion (red), we observed that 185 the overall sequence of the peak times was retained (slope close to one) with a delay of around 186 5 and 20 minutes, respectively. However, a subset of genes shifts their peak time backwards to 187 the first third of the cell cycle, visible as a negative slope of the lowess curve. A thus elongated
188
G1 phase, in which many genes show their peak expression, is a behavior often observed in cells 189 that react to a stress stimulus.
190
Following this thought, we repeated the peak time analysis with cells that had been exposed to The observed timing differences already contributed to the understanding of Cln functionality, 212 but so far lacked mechanistic explanation. Our RNAseq data provided a characterization of the 213 timing of gene expression, which is usually the result of the action of transcription factors. We, 214 therefore, analyzed the systemic differences in transcription factor action in the mutants to wild 215 type in order to identify candidate factors responsible for the timing effects.
216
We utilized a generic transcription factor network (YEASTRACT (Teixeira et al, 2014) ,
217
Supplementary file 3) and reduced it to the oscillating subnetwork of our interest. To do so, we 
245
Due to the lack of oscillations, no cell cycle phases could be assigned for cln2Δcln3Δ, while we 246 could identify all phases as well as specific timing effects for all other strains. All single deletions 247 showed a slight elongation of G1 phase with the strongest effect in cln3Δ. The double deletions 248 had stronger effects on the cell cycle timing. cln1Δcln3Δ showed the longest G1 phase, which is 249 without stress longer than the osmo-stressed wild type G1 phase. In contrast, not only G1 but 250 also G2 phase was extended in the cln1Δcln2Δ strain. It is known that cells grow especially in G1 
311
Focusing on the estimated cell cycle phase durations, in which the Cln3 mutant strains showed 312 extended G1 phases, we could now link this to the delayed expression of the MBF gene cluster. 
324
We, therefore, hypothesized that possibly already the release from α-factor synchronization 325 could be affected in the cln2Δcln3Δ strain, resulting in an asynchronous re-entry to the cell 326 cycle. In the RNAseq data we would then fail to detect oscillations because we are actually 327 measuring an unsynchronized cell population.
328
To test this hypothesis, we followed α-factor release of the cells in a microfluidic device, 
332
To understand the effect also on the transcriptional level, we could harness the results of the 333 cluster analysis again. Besides the previously described oscillating clusters, we also found a set 334 of genes whose expression is highest at the beginning of the experiment and decreases steadily 335 afterwards. The cluster behavior was robust in all mutants, but showed the weakest decay in Table 3 ), which 341 remained at levels 2.5 -7.7-fold higher in the cln2Δcln3Δ strain than in the wild type ( Figure 6C ).
342
We, therefore, concluded that the double mutant lacking both Cln2 and Cln3 fails to silence α-343 factor signaling in a coordinated fashion once the pheromone is removed from the medium.
344
Individual cells, therefore, needed different times to exit the cell cycle arrest, which resulted in 345 a smeared mRNA expression in the population that did not reveal oscillations. Other 346 coordinated processes, which are largely independent of the cell cycle, can hence still be seen in 347 the transcriptome such as here the response to osmotic stress. Another crucial point is that the defective release occurred in the cln2Δcln3Δ but not the cln1Δcln3Δ mutant, additionally cycle. As before, loss of Cln2 had much more dramatic consequences for the cells than loss of interaction (Oehlen & Cross, 1994) . Since in our data the release defect only occurred in the 435 cln2Δcln3Δ mutant, we conclude that the interaction with the pheromone pathway can indeed 436 not be completely independent of Cln1, since then also the cln2Δ single mutant would have the cln1Δcln3Δ strain, which has no problems relieving the arrest although having a drastically longer G1 phase. In the cln2Δcln3Δ mutant, Cln1 alone, without the strong initial "boost" by 
455
Cell cycle synchronization with α-factor is frequently used in cell cycle studies, but is not 
